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Abstract

The high energy demand for solvent regeneration remains a major obstacle to the large-
scale deployment of amine-based CO, capture. The present study developed Fe- and Zr-
modified carbon nanofibers (Fe/Zr-CNF) to catalyze CO, desorption from a 5 M mono-
ethanolamine (MEA) solution. Among various carbon supports, CNF showed the highest
desorption factor (1.24) and the lowest relative energy consumption (77.2%). Subsequent
metal modification yielded a superior catalyst, 10% Fe-CNF, which reduced the relative
energy consumption by 14%, and enhanced the desorption factor by 25% compared to CNF.
Mechanistic studies indicated that low-valence metal species cooperated with surface
oxygenated groups to facilitate HCO;™ electron transfer, while high-valence metal oxides
interacted with Brensted and Lewis acid sites to promote MEAH* deprotonation and
MEACOO™ dissociation. Furthermore, 10% Fe-CNF exhibited excellent stability after eight
regeneration cycles. This work elucidates the synergistic catalytic mechanism of electron
transfer and acid site activation, providing a promising strategy for designing efficient
catalysts to reduce the energy cost of post-combustion CO, capture.
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Highlights

+ 10% Fe-CNF boosted CO, desorption by 25%, and cut energy use by 14% in MEA regeneration.
+ Low-valence metals aid electron transfer while high-valence oxides create acid sites for deprotonation.

+ An optimal acid site ratio in 10% Fe-CNF yielded peak performance and >15% Fe loading blocked active sites.
+ The catalyst showed stable performance over eight cycles, combining redox synergy and conductivity to lower energy cost.
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Introduction rate to 503% of the non-catalytic baseline. The enhanced perfor-

Carbon dioxide (CO,) is widely recognized as the primary greenhouse
gas driving global warming and climate changel'?. According to
projections by the Intergovernmental Panel on Climate Change (IPCC),
atmospheric CO, concentrations could reach 570 ppm by the year
2100, potentially causing a global average temperature rise of around
1.9 °C and a mean sea-level increase of 3.8 mt. In response to this
pressing challenge, large-scale carbon capture, utilization, and storage
(CCUS) technologies have emerged as crucial strategies for mitigating
CO, emissions!”. Among these, post-combustion CO, capture via
chemical absorption with aqueous alkanolamine solutions, such as
monoethanolamine (MEA), is considered one of the most mature and
effective approaches®. However, the high energy demand required
for solvent regeneration remains a significant bottleneck hindering its
widespread industrial deployment!,

To address this limitation, various catalytic systems have been
explored to accelerate amine regeneration and reduce energy
consumption. These include carbon-based materials, solid acid cata-
lysts (e.g. zeolites and metal oxides), metal-organic frameworks
(MOFs), clay-based materials, and composite catalysts®'%. Carbon-
based materials have demonstrated remarkable potential in
catalytic CO, desorption due to their unique electronic properties
and tunable surface chemistry. Li et al.l''l demonstrated carbon
molecular sieves, porous carbon, carbon nanotubes (CNTs), and
graphene could significantly enhance HCO;~ dehydrogenation
through electron transfer, thereby promoting CO, desorption. Sp?-
hybridized carbons (such as graphite/graphene) possess highly
delocalized = electron systems, which help enhance interactions
with CO, molecules (for example, through n-n interactions and
polarization effects), thereby improving CO, adsorption perfor-
mance and potentially facilitating electron transfer processes!'2.
Among them, CNTs particularly exhibited superior performance due
to their high surface functionality and large specific surface area,
achieving up to a 50% reduction in relative thermal load. Gao et
al.l'3! further revealed that nitrogen doping introduced both basic
and acidic functional groups into CNTs and modified their elec-
tronic structure, improving mass transfer from the gas-liquid inter-
face to the bulk MEA solution and increasing the CO, desorption

mance stems from the synergistic effect between the electron-rich
nitrogen sites and the carbon matrix, which promotes proton trans-
fer and stabilizes reaction intermediates!l.

Solid acid catalysts, particularly metal oxides, have shown signifi-
cant promise in amine regeneration. Bhatji et al.">! reported that the
acidic sites of metal oxides facilitated the decomposition of MEAH*
and MEACOO-, improving CO, desorption rates by over 30% while
reducing thermal load by more than 20%. The mechanism involves
Brensted acid sites protonating the carbamate species, weakening
the C-N bond and promoting CO, releasel'sl. Similarly, Tan et
all'7=191 demonstrated that natural clays such as attapulgite,
bentonite, and sepiolite possessed intrinsic acidic sites, and metal
modification further reduced regeneration energy by over 30% by
increasing active site density. Similar enhancements were observed
in studies incorporating metals such as Fe, Cu, and Zr into
zeolites/20-221 and in Fe-, Ni-, and Ti-modified covalent organic
frameworks (COFs) and MOFs, where regeneration energy was
reduced by more than 36%[2324, These metal species function as
Lewis acid sites, accepting electron pairs from the carbamate nitro-
gen, thereby destabilizing the carbamate complex and facilitating
CO, desorption.

The combination of metal oxides with carbon materials presents a
promising strategy to overcome the limitations of individual com-
ponents. Metal oxides serve as effective modifiers by introducing
strong acidic sites that promote CO, desorption, while carbon-based
materials offer high surface area, tunable adsorption properties, and
excellent stability, making them ideal catalyst supportsiz’l. The
carbon support not only provides a large surface area for metal
dispersion but also facilitates electron transfer between the metal
sites and the reaction intermediates. This synergistic effect can
significantly enhance the catalytic performance by combining the
acid-catalyzed decomposition of carbamate species with the elec-
tron transfer-promoted dehydrogenation of bicarbonate. Despite
these advances, systematic comparisons of different carbon sup-
ports in this context remain limited. Although zirconium oxide
(ZrO,) and iron oxide (Fe,O3) are known for their strong acidity and
have been used in amine regeneration, their practical application is
often constrained by non-uniform pore structures and rapid
deactivation!?22%l, Therefore, incorporating Zr or Fe oxides into
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low-valence carbon materials presents a promising strategy, which
combines the strong acidic sites of metal oxides with the superior
electron transfer capability of carbon substrates to achieve synergis-
tic enhancement in CO, desorption performance.

In this work the CO, desorption performance of several carbon
materials was evaluated, including carbon nanofibers (CNF), carbon
nanospheres (CNS), multi-walled carbon nanotubes (MWCNTs), and
activated carbon (AC), in a 5 M MEA solution saturated with CO, at
98 °C. The most effective carbon support, CNF, was subsequently
modified with Fe and Zr in varying loadings to investigate the
influence of metal type and content on catalytic performance. Based
on experimental results and material characterization, the catalytic
desorption mechanism was elucidated. This study aims to provide
guidance for the rational design and engineering application of
high-performance catalysts for energy-efficient amine-based CO,
capture.

Materials and methods

Material preparation

The Fe-CNF composite catalyst was prepared via an incipient wetness
impregnation method. Specifically, a predetermined amount of
Fe(NOs)3:9H,0 was dissolved in methanol to form a 2.0 mol/L metal
salt solution. The CNF support was then impregnated with this solution
under continuous magnetic stirring at room temperature for 8 h,
followed by an ultrasonic treatment at 40 °C for 0.5 h. The resulting
solid was subsequently dried at 120 °C for 14 h. The final catalysts
are denoted as y% Fe-CNF, where y represents the nominal mass
percentage of Fe. The Zr-CNF catalyst was synthesized following the
same procedure, using ZrOCl,-8H,0 as the metal precursor.

Experimental and performance indicators

The CO, absorption was performed by bubbling pure CO, at
400 mL/min through 200 mL of a 5 M monoethanolamine (MEA)
solution at 40 °C and 1 atm. The MEA concentration of 5 M is the
optimal choice verified through long-term industrial practice,
achieving the best balance between absorption performance, energy
consumption, corrosivity, and economy, which has been used

commercially for decades”’\. The desorption experiments were con-
ducted in a setup illustrated in Fig. 1. A 200 mL aliquot of the CO,-rich
5 M MEA solution, containing 2.5 g of catalyst, was loaded into a
500 mL three-neck round-bottom flask. The flask was equipped with a
condenser (to minimize amine loss), a thermometer, and a gas inlet.
The system was purged with N, at 500 mL/min for 10 min to remove
air. Desorption was then initiated by heating the solution to 98 °C
under vigorous stirring at 1,000 rpm?2. The outlet gas was dried and
scrubbed with concentrated H,SO, before the CO, concentration was
recorded at 1 min intervals. A wattmeter monitored the energy
consumption to calculate the relative desorption energy. The CO,
loading in the lean solution was determined by titration with 1 M HCI
after the desorption.

The catalytic performance for amine regeneration was evaluated
based on the CO, desorption rate, desorption capacity, and rela-
tive thermal load (RH). The desorption factor (DF) was employed
as a comprehensive index to reflect the overall catalytic
efficiencyl'32227.28], The CO, desorption rate was calculated accord-
ing to Eq. (1).

Vy, XC! , 27315

1-C! Vi XT
Va=—— 5 Q)]
where, V4 is the CO, desorption rate (mol/min); Vy, is the N, flow rate
(0.5 L/min); C' is the CO, concentration in the outlet gas (%); Vi, is the
gas molar volume (22.4 L/mol); T is the ambient temperature (K); C is
the amine concentration (5 mol/L); and V is the solution volume (0.2 L).
The total amount of CO, desorbed within 50 min was determined

by Eq. (2).

ng = CxVx (“rich - (Xlean) (2)
where, ny is the total desorbed CO, (mol); i, and e, are the CO,
loadings of the rich and lean amine solutions, respectively (mol
CO,/mol MEA), as measured by acid-base titration.

The RH was derived from Eqgs (3) and (4).

H= E 3)
ng
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Fig. 1 Schematic diagram of the CO, desorption experimental setup.
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where, H is the regeneration heat load (kJ/mol); E is the total electrical
energy consumed (kJ); H; and H,, represent the regeneration heat load
for the catalytic and blank (non-catalytic) runs, respectively (kJ/mol); RH
refers to the relative heat load (%).

Finally, the DF, which comprehensively evaluates the catalytic
activity, was calculated using Eq. (5).

Va X
=C'T“C‘><100%

1

DF (5)

where, DF is the desorption factor, mol*/(kJ-min).

Characterization methods

The textural properties of the catalysts were determined using N,
physisorption with a fully automated surface area and porosity
analyzer (Micromeritics ASAP 2460). Surface functional groups were
characterized by Fourier-transform infrared spectroscopy (FT-IR,
Thermo Fisher Nicolet i520) in the range of 500-4,000 cm™, while
optical properties were analyzed by UV-vis-NIR diffuse reflectance
spectroscopy (Shimadzu UV-3600i Plus) from 200 to 800 nm. To
elucidate the catalytic mechanism of Fe- and Zr-modified CNF, the
chemical states and acidic properties were probed by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) and pyridine-
adsorption infrared spectroscopy (Py-IR, Bruker Tensor 27), respec-
tively. For Py-IR analysis, the samples were firstly degassed at 300 °C
under vacuum for 2 h, followed by pyridine adsorption and
subsequent desorption at 150 °C for 0.5 h. Furthermore, the evolution
of surface functional groups on CNF and 10% Fe-CNF during the
desorption process was monitored by Raman spectroscopy (Horiba
LabRAM HR Evolution).

Results and discussion

CO, desorption characteristics of carbon-based
carriers

CO, desorption tests in a 5 M MEA solution at 98 °C revealed that
carbon-based supports significantly enhanced the regeneration
performance. As shown in Fig. 2a, the CO, desorption rate in the
presence of catalysts was markedly higher than that of the blank test
during the initial 8 min. While the non-catalytic system attained its
maximum desorption rate at 8 min, the CNF-assisted system peaked
earlier, at 7 min. Beyond this point, the rate curves of the catalytic and
non-catalytic systems converged, which is attributed to the higher
residual CO, loading in the blank solution compensating for its lower
reaction rate constant!'"??, For a quantitative comparison, the total
CO, desorption amount, RH, and DF were evaluated over the first
50 min (Fig. 2b). The incorporation of CNS, AC, MWCNT, and CNF
increased the CO, desorption amount by 24.9%-31.5%, lowered the
RH by 13.0%-22.8%, and improved the DF by 56.5%-79.7%. Among all
tested materials, CNF exhibited the most outstanding performance,
achieving the highest CO, desorption amount (107.6 mmol), the
lowest RH (77.2%), and the highest DF (1.24).

The surface textural properties of the four carbon supports (CNF,
MW(CNT, CNS, and AC) are summarized in Table 1. CNS and MWCNT
possessed significantly larger specific surface areas and higher
micropore volumes than CNF and AC. Despite its modest surface
area, CNF demonstrated the best catalytic performance, which
suggested that textural parameters were not the sole determining
factor. FT-IR spectra (Fig. 2c) showed similar absorption bands at
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Fig. 2 Catalytic performance and characterization of different carbon materials in CO,-rich MEA solution. (a) CO, desorption rate. (b) Cumulative

desorption amount, RH, and DF after 50 min. (c) FT-IR spectra. (d) UV-vis.
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Table 1 Structural parameters of the carbon materials

Carbon material gf;l’as(u':‘fza/;? vo;rl:)r:lael K:;glg) vomlr:l?('::?rl\'s/g)
CNS 716.77 0.872 0.228
AC 32.11 0.059 0.005
MWCNT 238.63 1.342 0.028
CNF 19.74 0.027 0.006
10% Fe-CNF 27.79 0.059 0.004
20% Fe-CNF 28.89 0.058 0.004
5% Zr-CNF 22.64 0.049 0.003
20% Zr-CNF 2491 0.054 0.004

3,439, 1,626, and 1,383 cm~" for all carbon materials, corresponding
to -OH, COOH, and C=0, functional groups, respectively3%31, The
abundance of these oxygen-containing groups on CNF, MWCNT,
and CNS (compared to AC) likely contributed to their superior
catalytic activity['3l. UV-vis spectra (Fig. 2d) provided further insight,
revealing a distinct reflection peak near 255 nm for CNF, MWCNT,
and CNS, attributed to n—n* and n—r* transitions32. CNF exhi-
bited the highest reflectivity in this region. This high reflectivity will
minimize parasitic thermal excitation while preserving strong elec-
tron mobility33], thereby enhancing the catalytic ability of MEA to
desorb CO.. It is consistent with the role of electron transfer in facili-
tating HCO5~ desorption and promoting CO, releasel''l. A parallel
was observed in TiO, catalysis, which also showed a prominent
reflection at 255 nm and effectively reduced regeneration energy
despite having a lower surface area than CNF[2934],

Desorption characteristics of Fe/Zr-loaded CNF

Given its superior performance among the carbon-based catalysts, CNF
was selected as the support for metal modification with Fe and Zr.
Figure 3a shows that all Fe-CNF catalysts enhanced the CO, desorption
rate compared to pristine CNF during the initial 8 min, with 20%

Fe-CNF exhibiting the most pronounced effect. Between 8 and 11 min,
the 5%-15% Fe-CNF samples maintained excellent activity, after which
the rates converged across all systems. As summarized in Fig. 3b, Fe
modification reduced the RH by 13.9%-36.9% and increased the DF by
0.81%-25%, compared to the CNF. However, only the 10% Fe-CNF
catalyst increased the total CO, desorption amount (by 2.0 mmol),
whereas higher loadings, particularly 20% Fe-CNF, led to a significant
decrease, resulting in a desorption amount (83.4 mmol) close to the
blank test and a DF of only 1.23. This decline is likely due to the rapid
depletion of MEACOO in the early stage®>—”., Beyond 11 min, the
thermal energy at 98 °C became insufficient to drive further decom-
position at low MEACOO concentrations, thereby lowering cumulative
desorption. In contrast, Zr-CNF catalysts (Fig. 3c) showed varying
performance: 5% and 10% loadings reduced CO, desorption amounts
by 17.9% and 8.7%, respectively, while 20% Zr-CNF exhibited a high
desorption rate between 8-13 min, similar to 10% Fe-CNF. Although
Zr modification also lowered the RH by 12.6%-29% compared to
the CNF (Fig. 3d), the accompanying drop in desorption capacity
yielded a lower overall DF than Fe-CNF. In summary, both Fe and Zr
modifications enhanced the catalytic desorption performance of CNF,
but the metal loading level critically influenced the outcome. This
dependence is likely associated with metal-induced changes in surface
functional groups, specific surface area, and acidic site density!2%,

The DF serves as the key metric for evaluating the catalytic perfor-
mance of metal-modified CNF. To elucidate the structure-activity
relationship, 10% Fe-CNF (highest DF) and 20% Fe-CNF (lowest DF)
among the Fe series, along with 5% Zr-CNF (lowest DF) and 20% Zr-
CNF (highest DF) among the Zr series, were selected for detailed
characterization. As summarized in Table 1, metal incorporation
generally increases the specific surface area of CNF, with 20% Fe-
CNF showing the most significant enhancement (46.4%). The total
pore volume was also improved, most notably in 10% Fe-CNF
(118.5% increase). FT-IR spectra (Fig. 3e) revealed that the main
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Fig. 3 Catalytic desorption performance of CO,-rich MEA solution with Fe- and Zr-modified CNF. (a), (c) Desorption rate of Fe/Zr-CNF. (b), (d) Desorption
amount, RH, and DF of Fe/Zr-CNF. Characterization of catalytic desorption of CO,-rich MEA solution with Fe- and Zr-modified CNF. (e) FT-IR. (f) UV-vis.
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framework of CNF remained largely unchanged after metal
modification. However, a new absorption band emerged at approxi-
mately 2,915 cm~', which was assigned to the C-H stretching vibra-
tion of residual surfactant molecules?2, UV-vis spectra (Fig. 3f)
showed a substantial increase in reflectivity for catalysts with 20%
metal loading. This was attributed to the higher surface concentra-
tion of metal species and potential changes in the size of surface
metal clustersi38l. These findings collectively indicated that Fe and Zr
introduction not only modified surface functional groups but also
influenced catalytic performance by altering the dispersion and
morphology of metal particles on the CNF surfacel??l,

XPS analysis revealed the distinct effects of Fe and Zr modifica-
tion on the surface chemistry of CNF (Fig. 4a-f)2239, Deconvolution
of the C 1s spectra showed characteristic peaks for C—C (284.8 eV),
C-0 (286.1 eV), and C=0 (289.0 eV) (Fig. 4a, d)“941, In the O 1s
spectra, pristine CNF exhibited peaks corresponding to O—-C=0
(531.1 eV), C-0 (532.6 €V), and adsorbed C=0 (534.0 eV) (Fig. 4b,
e)i2242, Metal modification significantly altered these oxygen
species: Fe-CNF showed a sharp increase in O—C=0 content with a
concurrent decrease in C=0, whereas Zr-CNF exhibited a reduction
in both C=0 and O—C=0 alongside an increase in C—0. These trends
suggest different metal-support interaction mechanisms, likely due
to the preferential coordination of Fe3* with carboxyl groups and

Zr* with hydroxyl groupsi3. In Fe-CNF catalysts, the Fe 2p spectra
(Fig. 4c) confirmed the presence of octahedrally coordinated Fe3+,
indicated by a peak separation exceeding 13 eV between Fe 2p3,
and Fe 2p, ;2244 A satellite peak at 714.2 eV was assigned to tetra-
hedral Fe3*, while a feature at 706.5 eV corresponded to metallic
Fe%“3l, Notably, 10% Fe-CNF possessed a higher relative content of
Fe® than 20% Fe-CNF, which may contribute to its superior catalytic
performance due to the provision of more possibilities for electron
transfer3¢l, For Zr-CNF, the Zr 3d spectra (Fig. 4f) indicated that Zr
exists predominantly as Zr#+2246471 The proportion of high-valence
metal species (Fe3+, Zr*) increased with metal loading and corre-
lates with a reduction in regeneration heat duty, suggesting that
these sites facilitate energy efficiency by accepting lone pair
electrons from carbamate nitrogen, thereby promoting C-N bond
cleavagel?23%], However, the excellent performance of 10% Fe-CNF
and 15% Zr-CNF also indicated that low-valence species (such as
FeZt, Zr?*, and Fe? could reduce the activation energy of CO,
desorption through electronic effects, geometric effects, and syner-
gistic effects, which played a key role in enhancing the CO, desorp-
tion rate. The overall catalytic performance was governed by a
synergistic interplay between low-valence species, which boosted
the desorption rate, and high-valence oxides, which primarily
lowered the energy barrier22l,
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Fig. 4 XPS and Py-IR characterization of the catalysts, and in situ Raman monitoring of the desorption process. (a)-(c) XPS spectra of C 1s, O 1s, and Fe 2p
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(L) acid sites ratios. In situ Raman spectra of the CO,-rich MEA solution during desorption (i) without a catalyst, and (j) with 10% Fe-CNF.
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The surface acidity of the catalysts, quantified by pyridine-adsorp- 100 120

tion infrared (Py-IR) spectroscopy, revealed distinct differences in -
Brensted and Lewis acid site distributions (Fig. 4g). Characteristic % 100 ©
peaks at 1,446 cm~' (Lewis acid site), 1,534 cm~' (Brgnsted acid site), = 80 E
1,490 cm~" (Brgnsted and Lewis acid site), and 1,597 cm~' (hydro- e ™ >
gen-bonded pyridine) were observed2'22, Compared with pristine 'E' 60 'g
CNF, Zr-modified catalysts generally showed increased Bronsted 2 ~
acid site content, whereas Fe-modified catalysts exhibited a E 60 :
decrease. In particular, Lewis acid site content increased only for 5% o 40 =
Zr-CNF and 20% Fe-CNF but decreased for all other metal-loaded % 40 g
samples. Consequently, the Brgnsted/Lewis ratio increased for Fe- E T
CNF but decreased for Zr-CNF (Fig. 4h). Comparing the raw CNF, 20 ) =
10% Fe-CNF, and 20% Fe-CNF, it showed that the Bransted/Lewis —v—Relative heatduty 120 o
(B/L) acid site ratio increased with the increase in Fe loading. Bl ==cibtichicapecity
However, 10% Fe-CNF exhibited the optimal desorption effect, 0 0

indicating that the catalytic effect was not simply linearly related
to the Brensted/Lewis (B/L) acid site ratio. These acid sites play
complementary roles in catalyzing CO, desorption: Brgnsted acid
site provides protons that facilitate MEACOO- cleavage, while
Lewis acid site acts as a proton acceptor to promote MEAH*
deprotonationl'82148], Their synergistic interaction enhances the
overall conversion efficiency of key amine species. In situ Raman
spectroscopy further elucidated the reaction pathway promoted by
10% Fe-CNF (Fig. 4i, j). Characteristic peaks at 1,017 cm~" (C-OH in
HCO;7), 1,070 cm~' (C-O in CO3%), and 1,160 cm~' (C-N in
MEACOO-) were monitored(''2349 |n the non-catalytic system,
HCO;~ decomposed rapidly during the initial heating stage (0-
8 min), while MEACOO- remained stable until higher temperatures
(8-50 min)78l, In contrast, the presence of 10% Fe-CNF induced a
marked decrease in the MEACOO- peak intensity as early as 8 min,
confirming its efficacy in promoting carbamate decomposition at
low temperature. Notably, between 32 and 50 min, the HCO5~ peak
area increased concurrently with the decrease in MEACOO-,
suggesting a possible interconversion between these species during
the catalyzed desorption process.

Catalytic desorption cyclic stability of 10% Fe-
CNF

For industrial deployment, a viable catalyst must possess not only high
activity but also robust stability. To evaluate this, the 10% Fe-CNF
catalyst was recovered after each desorption cycle via washing, fil-
tration, and drying at 120°C for 10h. Minor mass losses were
compensated for by supplementing fresh catalyst to maintain a
constant total mass of 2.5 g for subsequent tests. As shown in Fig. 5,
the catalyst maintained stable performance over eight consecutive
cycles. The RH showed no significant increase (maximum variation
within 13.1%), while the CO, desorption capacity exhibited no
appreciable decline (maximum difference of 14 mmol). These results
confirmed the excellent cyclic stability of 10% Fe-CNF. Consequently,
10% Fe-CNF demonstrated strong potential for industrial application in
amine-based CO, capture processes.

Catalytic desorption mechanism

CO, absorption by MEA typically proceeds via the two-step zwitterion
mechanism or the single-step bicarbonate mechanism, respectively!".
In the zwitterion route, CO, initially reacts with MEA to form a
zwitterionic intermediate (MEA*COO"), which subsequently reacts with
another MEA molecule, yielding MEACOO~ and MEAH'. In the
bicarbonate pathway, H,O directly participates in the reaction, leading
to the formation of HCO;~ and MEAH®. As illustrated in Fig. 6, the

1 2 3 4 5 6 7 8
Desorption frequency

Fig. 5 Cyclic stability evaluation of the 10% Fe-CNF catalyst over eight
adsorption-desorption cycles.

catalytic mechanism of 10% Fe-CNF involved multiple synergistic
effects. Firstly, high-valent metal oxides attack oxygen atoms. A
chemisorption process then occurred between oxygen and metal
atoms, accompanied by an isomerization step where protons were
transferred from O to N atoms. Protons subsequently abstracted the
lone-pair electrons of N atoms. The hybridization of N atoms shifted
from sp? to sp3. The strength of the C—N bond weakened due to
stretching. Furthermore, metal atoms or metal oxides further attacked
N atoms and helped stretch the C—N bond, enhancing CO, desorption
performance. The C—N bond thus broke, and the zwitterion decom-
posed into MEA and CO,. Secondly, Lewis acid sites participate in the
deprotonation of MEAH?, transferring protons from MEAH* to
MEACOO". Brgnsted acid sites directly participated in the dissociation
of MEACOO~. The unique structure of the 10% Fe-CNF catalyst
accelerated mass transfer between the catalyst and the solution.
Low-valent Fe atoms, in combination with surface functional groups
(0—-C=0, —C=0, C-0), jointly promoted electron transfer of HCO;~,
leading to an increase in CO, desorption capacity?%3°,

Conclusions

Among the carbon-based materials evaluated, CNF demonstrated
superior catalytic performance for CO, desorption in 5 M MEA, which
increased the desorption amount by 31.5% and reduced the RH by
22.8% compared to the non-catalytic system. Metal modification fur-
ther improved the regeneration efficiency, with 10% Fe-CNF achieving
the highest DF (1.55 x 10~ mol?/(kJ-min)). However, Fe loadings
exceeding 15% led to partial blockage of active sites and diminished
performance. The incorporation of Fe3* or Zr** created synergistic
Bronsted and Lewis acid sites that promoted MEACOO~ decompo-
sition and MEAH" deprotonation. The optimal acid site distribution,
reflected in the B/L ratio of 10% Fe-CNF, was crucial for maximizing
desorption efficiency. Moreover, low-valence metal species (e.g., Fe®,
Zr**) enhanced electron transfer and facilitated HCO;~ dehydrogena-
tion, while high-valence metal oxides (e.g.,, Fe*, Zr*') stabilized key
intermediates and reduced the reaction activation energy. The com-
bined effect of redox synergy and the high conductivity of CNF
collectively lowered the energy barrier for MEA regeneration. This work
elucidates a dual catalytic mechanism involving acidic site activation
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Fe¥*/Fe2*
MEACOO"
Lewis acid sites

) |
MEA

MEAH* MEACOO~
7

- C-N bond cleavage

Bronsted acid sites

~> MEA+CO,

10 %Fe-CNF
—> CO,
(0-c=0,C=0,
C-0 and Fe?)

—> HCO,"

Fig. 6 Catalytic mechanism of 10% Fe-CNF for CO, desorption from MEA solution.

and electron transfer synergy in Fe/Zr-CNF catalysts, providing
theoretical and practical foundations for designing efficient, energy-
saving catalysts for amine-based CO, capture.
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